The intrinsic magnetic moment of a neutron, combined with its charge neutrality, is a unique property which allows the investigation of magnetic phenomena in matter. Here we present how the utilization of a cold polarized neutron beam in neutron grating interferometry enables the visualization and characterization of magnetic properties on a microscopic scale in macroscopic samples. The measured signal originates from the phase shift induced by the magnetic potential. Our method enables the detection of previously inaccessible magnetic field gradients, in the order of T cm −1 , extending the probed range by an order of magnitude.
N eutrons have played an essential role in studying and probing magnetic phenomena in matter due to their intrinsic magnetic moment and charge neutrality 1, 2 . The information retrieved from neutron experiments can be distinguished into two large classes. On the one hand, the reciprocal space data from neutron scattering methods covers the Angstrom and nanoscale, ranging from 0.1 to 500 nm without direct spatial resolution capabilities [3] [4] [5] [6] . On the other hand, real-space data, such as the one retrieved by neutron imaging measurements, can resolve macroscopic structures. Utilizing polarized neutrons, neutron imaging has proven to be a powerful tool for retrieving spatially resolved information about magnetic field distribution 7, 8 . Imaging with polarized neutrons has progressed in recent years and different methods have been developed, capable of analyzing and directly visualizing local magnetic interactions 9 . The technically simplest realization of neutron imaging with a polarized beam is called neutron depolarization imaging (NDI) 7, 8, 10 . It enables to investigate whether the magnetic sample contains nonparallel field components with respect to the initial beam polarization, which cause depolarization effects in the neutron beam. This method has proven to be a powerful tool in many different applications such as mapping of the Curie temperature of samples undergoing a ferromagnetic-paramagnetic phase transition 11, 12 . A somewhat more sophisticated approach is applied for the polarized neutron imaging, where the beam can be assumed to remain polarized even after the interaction with the sample and the local spin rotation is analyzed. This spin state analysis technique relies on the physical phenomenon called Larmor precession, in which the polarization vector of the neutron beam precesess around the field vector and enables keeping track of the precession angle. Thus, one can retrieve direct information on the magnetic field distribution, which was demonstrated by the direct visualization of the field produced by an electrical coil at different current values and subsequently applied to observe magnetic fields trapped and flux pinning behavior in the bulk of superconducting samples [13] [14] [15] [16] [17] [18] [19] . Neutron spin phase imaging, based on the Ramsey principle, which keeps track of any additional precession angles due to a sample shifts, proved the feasibility of quantitative imaging of magnetic fields 20 . The latest development in the field of polarization imaging is the so-called polarimetric neutron imaging 8, 21 . This technique is capable of full 3D tomographic reconstructions of magnetic vector fields. This is achieved by spatially resolved measurements of the 3D rotation state of the polarization vector for all three orthogonal incoming polarization directions and is suited to take advantage of time-of-flight capabilities at advanced pulsed sources 8, 9, [22] [23] [24] .
A common feature of imaging techniques with polarized neutrons described so far is that these are well suited for weak magnetic fields, up to few mT, characterized by smooth gradients distribution up to maximum ≈0.1 T cm −18 . These limits are due to the intrinsic resolution of these techniques in solving the integrated Larmor precession angle, which is the physical quantity carrying the information about the magnetic field distribution. A first attempt to measure stronger magnetic fields based on differential phase effects has been performed with a double crystal diffractometer in a scanning mode approach. This technique relies on the detection of the neutron wave packet's phase shift induced by the magnetic field. Since it is a slit scanning imaging method its major drawbacks are the strongly limited field of view, the resolution, and the long exposure times even for single slices 25 .
Here we introduce an imaging-based approach through polarized neutron grating interferometry (pnGI), which utilizes polarized neutrons in nGI, thus extending the covered range of magnetic field gradients of former techniques by an order of magnitude. In general nGI provides simultaneously three different contrast signals: the conventional transmission image (TI), the differential phase contrast image (DPCI), and the dark-field image (DFI). The first nGI experiment was conducted to visualize and quantify the neutron wave packet's phase shift induced by nuclear interaction from the DPCI 26 . Recently, most of the studies with nGI have mainly focused on the small-angle scattering information yielded by the DFI 27 . The neutron DFI signal was then adopted for tomographic investigations providing non-magnetic, spatially resolved information about the distribution of micrometer and sub-micrometersized structural formations 28 . Another main field of research by means of DFI is the visualization of magnetic domain structures in bulk ferromagnetic grain-oriented electrical steels 10, [29] [30] [31] [32] [33] [34] [35] . An emerging topic of interest for DFI is the investigation of local magnetic phenomena in superconductors, such as the domain distribution in the intermediate state of Lead 36 and the morphology of lattice domains in type-II superconductor 37, 38 . Significant progress has been made in DFI, especially providing full structural information of microstructures through the so-called sub-pixel correlation length imaging (ξDFI) [39] [40] [41] [42] .
In this paper, we demonstrate how the introduction of polarized neutrons to nGI can extend applications and be efficiently used to retrieve quantitative information about the quantummechanical phase shifts of neutron de Broglie wave packets induced by magnetic interaction with the sample. This will enable us to visualize and quantify the spatial distribution of strong magnetic fields and field gradients.
Considering a magnetic vector field, the scalar potential V mag (r) can be expressed as 2 :
where b μ n is the neutron magnetic moment operator and B(r) is the magnetic field. Therefore, depending on the orientation of the spin state of the neutron with respect to the magnetic field, the neutron gains or losses kinetic energy according to ΔE = ±μ n B; hence, the induced phase shift of the wavefront is equal to 43 :
where the ± is due to the Zeeman splitting 2 of the eigenstates of the Pauli spin operator when they are aligned parallel and anti-parallel to the external field. Where μ n = −9.6623647 × 10 −27 J T −1 , m n is the neutron mass, λ the wavelength, D the path length through the magnetic field, and ℏ = 1.0545718 × 10 −34 J·s the reduced Plank constant, respectively. In order to fully understand the general case of the dot product in Eq. (1) one has to consider the interaction of a neutron spin along its trajectory in an inhomogeneous magnetic field. Depending on the smoothness of the gradient and the neutron energy, two different scenarios can occur: either an adiabatic or a non-adiabatic transition.
The adiabatic regime is defined by the condition 2 :
where dðB=jBjÞ dt is the frequency with which the direction of B changes. For a static magnetic field this depends on the gradient of the magnetic field B and dx dt the velocity of the neutron as it concerns the field as experienced by the neutron. ω L is the Larmor frequency and γ the gyromagnetic ratio of the neutron. According to Eq. (3) if the direction and the magnitude of the magnetic field gradually change in a sufficiently small and in a continuous manner, the adiabatic condition is fulfilled. This means when the system evolves close to the equilibrium the neutron spin is coupled to the magnetic field and the parallel polarization component is conserved. Instead in the non-adiabatic regime the neutrons spin oscillates between the two possible spin states with respect to the applied field, resulting in the manifestation of a precession of the spin vector around the magnetic field vector known as Larmor precession and with the Larmor frequency. This non-adiabatic transition of the spin vector is interpretated as an interference effect of the quantum superposition of the two possible spin states up |↑〉 and down |↓〉.
Here we demonstrate the capabilities of pnGI for visualizing and quantifying inhomogeneous and anisotropic magnetic fields based on differential phase contrast and adiabatic spin transition, which applies to the coupling between guide field and sample.
In a initial experiment, we investigated a well-defined squareshaped uniaxial magnetic field-oriented parallel to the neutron spin polarization of the incident beam. The field was produced by strong neodymium permanent magnets. The study extends to investigate an inhomogeneous and anisotropic magnetic field distribution in various orientations with respect to the incident polarization direction.
Results
Grating interferometry with polarized neutrons. The pnGI experiments have been carried out at the polarized cold neutron beamline BOA (Beamline for neutron Optics and other Applications), at the Swiss Spallation Neutron Source (SINQ), and at the Paul Scherrer Institut (PSI) 44 . A schematic of the pnGI setup is shown in Fig. 1a -c. The neutron interferometer is composed by an absorbing source grating (G 0 ), the phase grating (G 1 ), and the analyzer grating (G 2 ) 45 . The sample is placed between G 0 and G 1 , as close as possible to the detector in order to reduce the geometrical image blurring. The neutron spin direction can be set to be parallel or anti-parallel with respect to the initial polarization by an adiabatic fast passage spin flipper (AFP) 44, 46 . A beryllium filter (Be filter) is used as a cold neutron filter. We adopted the phase-stepping approach for images acquisition of the pnGI Fig. 1c . Both spin states are reconstructed with the software TaPy based on Marathe et al. algorithm 47, 48 . The data acquisition of both spin states is necessary to characterize the polarization of the neutron beam and, moreover, to discriminate between the phase shift induced by the nuclear interaction, which is not spin dependent, and the magnetic one, which is spin dependent. For more detailed explanation we refer to the Supplementary Note 1.
Phase shift induced by a homogeneous uniaxial magnetic field. Through pnGI we visualize and quantify the neutron wave packet's phase shift induced by a homogeneous, well-defined, square-shaped, and uniaxial vertical magnetic field. , a beryllium filter (Be filter), a source grating G 0 , a phase grating G 1 , an analyzer grating G 2 , a detector, and a guide field system. The magnetic sample is placed between G 0 and G 1 , the North and the South poles are depicted in red and blue, respectively. The parameter ω is the rotation angle of the gratings and the sample around the x-axis, the configuration in the sketch corresponds to ω = 0°, and d t1 is the Talbot distance. b Phase shift, ΔΦ, of the neutron wavefront induced by the magnetic interaction with a phase object, refracted by an angle α. c Schematic top view of a pnGI setup depicting the perturbations of the incident neutron wavefront, induced by refraction on a phase object in the beam, which lead to local displacement of the interference pattern. The intensity modulation is detected by each (i, j)-pixel on the matrix detector. The phasestepping approach is adopted by scanning one grating along the transverse direction, y g . Further information about phase-stepping method for pnGI and contrast mechanism can be found in the Supplementary Note 1 shows a sketch and a photograph of the sample. The magnetic field in the probed air gap between the two pole shoes is produced by two square-shaped neodymium permanent magnets (NdFeB) with an edge length of 25 mm as pole shoes. In order to obtain a flux closure in the magnetic circuit and to avoid beam depolarizing stray fields, the permanent magnets are housed in an iron yoke, as shown in the inset of Fig. 2a . The magnetic field produced in the air gap can, to a first approximation, be considered being B = (0, 0, B z ). The Hall probe measurement presented in Fig. 2b shows the morphology of the magnetic field distribution, highlighting its well-defined square shape. The strength of the magnetic field within the square shape is characterized by a quasihomogeneous distribution, ranging from 0.9 T in the center to 0.75 T near the edges, while outside the pole shoes it drops sharply without discontinuity. Nevertheless, as we will show, the neutron spin aligns to the sample field direction fulfilling the adiabatic condition of Eq. (3).
An experiment has been performed with the following arrangement of the pnGI setup and sample: the grating lines, the magnetic field produced by the yoke and guide field are all oriented along the z-axis and parallel to the incoming neutron polarization. We refer to this configuration as ω = 0°, as depicted in Fig. 1 . In this case Eq. (1) turns into the direct product of the lengths of two vectors. The sides of the square-shaped magnetic field cross-section as depicted in Fig. 2b are oriented 45°to the incident beam along the x-axis as illustrated in Fig. 3a . This leads to a constant gradient in the path R BðsÞds across the probed field, however, with opposite sign left and right from the mid position. The field integral is proportional to the induced magnetic phase shift of the neutron wave function corresponding to Eq. (2) and the gradient implies refraction through the corresponding distortion of the incident plane wavefront. Figure 3 depicts an illustration of the region of interest and the results of this measurements in three images and corresponding cross-sections for: TI in Fig. 3b , c, DPCI in Fig. 3d , e, and PCI in Fig. 3f , g. The TI in Fig. 3b, c , the attenuation image naturally shows no response in the air gap of the field region, but only depicts the outline of the pole shoes which fully attenuate the beam.
The DPCI, Fig. 3d , displays a strong contrast in between the pole shoes, which arises from the constant gradient of the induced phase shift, but of opposite signs for both sides of the magnetic field. Accordingly, it appears dark on one side and bright on the other.
The line profile in Fig. 3e highlights the two constant values, ±240 rad mm −1 . The transversally integrated DPCI provides the PCI, Fig. 3f , showing the constant gradient of the phase shift induced at each side of the diagonal square magnetic field region and smooth behavior at the edges. The latter is best displayed in Fig. 3g , illustrating the decay of the field close to the corners.
The relation between interferometric phase shift θ of the detected pixelwise intensity oscillations and the induced magnetic phase Φ in the neutron wavefront phase profile, see Supplementary Note 1, can be expressed as 26 :
for the DPCI results, that is, the interferometric phase shifts θ measured, and correspondingly Eq. (2) for the phase (PCI) the measured values corresponding to a B value of 1.3 T. However, since the induced magnetic phase Φ, Eq. (2), the interferometric phase θ, Eq. (4), and also the visibility of the interferometer are wavelength-dependent 48 , the effect of utilizing a broad spectrum has to be taken into account, both for the evaluation process of the pnGI data and for the simulation-based calculations for validation of the results. The spectra of the BOA beamline with and without the Be filter are shown in Fig. 4 44 . In addition the convolution of the Befiltered spectrum with the wavelength-dependent visibility provided by the pnGI setup was calculated according to the method proposed by Harti et al. 48 and it is shown in Fig. 4 .
Subsequently, the theoretical curve, based on the known magnetic field distribution, configuration ω = 0°, from the Hall probe measurement, Fig. 2b , and the measured line profile of the DPCI are in good agreement, Fig. 5c , validating the correct measurement of the magnetic field.
Adiabatic spin regime in a horizontal-aligned magnetic field. The configuration ω = 0°, Fig. 5a , with the magnetic field vector aligned parallel to the polarization of the incoming beam, which was chosen for the initial experiment is, however, a simplification of the general case. The product of the vectors in Eq. (1) for the interaction potential equals the scalar product of the length of the vectors in this case. In a second approach, we tested a perpendicular alignment of the magnetic field vector to the initial polarization direction. In order to probe differential phase effects, we consequently also rotated the grating interferometer by 90°, corresponding to the configuration ω = 90°in Fig. 5b , being sensitive in the direction of the field gradient. According to Eq.
(1) the potential would now become V mag (r) = 0 and hence also the effect of the magnetic field on the neutron phase would vanish. However, this is only true if the spin does not couple adiabatically with the continuous magnetic field transition from the guide field to the sample field. The results are presented together with the setup sketches in Fig. 5a -c and they clearly imply otherwise. The results, Fig. 5c , coincide with the initial measurement and calculations. This proves that the extend of the decay of the sample field is still reaching wide enough to fulfill the adiabatic condition for the neutron given neutron spectrum to enable the adiabatic turn of the spin vector resulting in an orientation parallel to the sample field. The limitation of this method due to the adiabatic spin coupling can be easily estimated by calculating the magnetic field gradient that fulfill Eq. (3). Given the following assumptions, which are consistent with the uniaxial vertically aligned magnetic field case: neutron wavelength of 4 Å and a magnetic field of 1 T. The resulting adiabatic parameter is reached for a field gradients of ΔB/Δx ≈10 5 T m −1 , which are hard to find for magnetic stray field configurations. A realistic scenario where these strong field gradients can be achieved is, for example, within the domain walls of ferromagnets.
Phase shift induced by an anisotropic magnetic field. In order to further generalize our approach from the previous welldefined, square-shaped, and uniaxial magnetic field as investigated, we subsequently considered a magnetic field having varying components and gradients in all the three orthogonal directions, B = (B x , B y , B z ). The general case of an inhomogeneous and anisotropic magnetic field distribution, produced by a permanent magnet, assessed experimentally and modeled by finite element method (FEM) simulation, as depicted in Fig. 6 . The pnGI results are summarized in Figs. 7 and 8 . The considered and sampled magnetic field is produced by a rectangular cuboid, 40 × 10 × 10 mm 3 , of a neodymium permanent magnet (NdFeB). Figure 6a shows the magnetic field lines around the permanent magnet, which displays the typical dipole configuration and the corresponding direction of magnetization along the x-axis. The rectangular shape of the cuboid offers peculiar magnetic flux lines and a constant gradient characterizes its distribution along the long faces, as shown in Fig. 6b, c. A strong swirling emerges close to the short edges in Fig. 6b-d . Due to the magnetic field gradient distribution, the different neutron paths are characterized by changes in strength and direction of the magnetic field, covering all the scenarios of the general case.
The experimental results are shown in the top half of the images in Fig. 7a-d for the different sample configurations: Fig. 7a Fig. 5a , and a transverse sensitivity of the field inhomogeneity with respect to the grating lines. The constant magnetic field gradients measured along the long faces of the permanent magnet, shown in Fig. 6b , c, dominate the resulting images in Fig. 7a , b, while these are not visible in Fig. 7c , d due to their orientation parallel to the grating lines and the directional sensitivity of the pnGI setup in these cases. The effect on the DPCI signal of the swirling of the flux closure in the corners, visible in Fig. 6b, d , is depicted in Fig. 7b,  d , while it does not emerge in Fig. 7c due to the permanent magnet θ s = 0°and ω s = 90°orientation in respect to the grating lines. The bottom halves of Fig. 7a-d show the calculated DPCI images from the FEM simulations. The DPCI images in Fig. 7a -c are merged along the horizontal symmetry axis. In Fig. 7d the whole permanent magnet is shown due to the different axes of symmetry of the data and the permanent magnet orientation. The DPCI images retrieved from the pnGI measurements show good agreement with the ones calculated from the FE M simulations for all the four orientations (Fig. 7) . A more quantitative evaluation of the pnGI results for the case θ s = 0°and ω s = 90°i s shown in Fig. 8 . The magnetic field gradients distribution calculated, Fig. 8a , is reflected in the measured DPCI image in Fig. 8b . A direct comparison between the experimental and calculated signals is shown in Fig. 8c, d , where two line profiles at different heights in both experimental and simulated DPCI are plotted.
Discussion
We have demonstrated and proven how pnGI yields quantitative DPCIs induced by magnetic fields. The experimental results obtained from the homogeneous, well-defined, square-shaped, and uniaxial magnetic field shows good agreement with calculations based on Hall probe measurements. This establishes a validation of the pnGI method for retrieving quantitative information about the phase effects of magnetic field interaction. The required adiabatic spin coupling to the sample field has been also experimentally demonstrated. The inhomogeneous and anisotropic magnetic field produced by a cuboid neodymium permanent magnet allowed us to extend the prove of the capability of the method to remotely probe strong magnetic fields with spatial resolution to the general case of magnetic fields of arbitrary inhomogeneous orientations and varying gradients. The experimental results are in all cases in good agreement with the calculated DPCI values. Further investigations are possible in many ways for the direct 3D reconstruction of the magnetic field distribution. This can be obtained either by combining the pnGI with a computed tomography approach or calculating the field distribution from the radiographic dataset and a priori knowledge of the sample geometry. The presented approach paves the way for investigations of magnetic fields characterized by strong fields and gradients previously inaccessible with the existing neutron imaging techniques and direct applications to a wide range of scientific and engineering challenges such as electric power systems and superconducting wires.
Methods pnGI setup. The source grating G 0 is a gadolinium aperture mask with transmitting slits with a periodicity of p 0 = 1076 μm. G 0 creates an array of periodically repeating coherent line sources, which fulfills the spatial coherence requirements for the interferometer formed by G 1 and G 2 . The arrayed source thus decouples spatial resolution from spatial coherence. The silicon phase grating G 1 with periodicity of p 1 = 7.97 μm is placed at a distance of 5.23 μm downstream with respect to G 0 and acts as a phase mask and imprints periodic phase interference pattern in the plane of the analyzer grating. The analyzer grating G 2 with periodicity of p 2 = 4 μm is made of Gadolinium and operated in the first Talbot order configuration with d t1 = 19.6 mm 45 . A cooled Be filter is installed upstream the interferometer to cut-off neutrons with a wavelength λ <4 Å; the spectrum is shown in Fig. 4 . The neutron beam is polarized along the z-direction by a polarizing bender in the beam extraction system of the instrument 44, 46 . All components are embedded into a guide field system in order to keep the polarization of the beam. The polarization of the beam with the described pnGI setup was measured to 90.5% corresponding to a flipping ratio of 20 2, 44 . The images have been recorded using a 200-μm-thick 6 Li/ZnS scintillator screen coupled to a digital camera [Andor iKon-M, 1024 × 1024 pixels] resulting in a spatial resolution of about 200 μm measured with a Siemens star test object 49 . A schematic of the pnGI setup is depicted in Fig. 1a . Hall probe measurements. The mapping of the magnetic field distribution in between the pole shoes has been performed with a 1D Hall probe by scanning its z component. We used a step size of 1.5 mm in both x and y directions and then applied a bilinear interpolation to the mesh data.
FEM simulation. The FEM simulation of the magnetic field distribution, for the calculation of the induced phase shift for validation of the experimental results, has been performed with the software COMSOL Multiphysics with a mesh size of 0.25 mm.
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